Abstract The effect of some sugars (maltose, sucrose, and D-allulose) on different starch sources (normal corn, normal rice, waxy corn and waxy rice) to produce edible film was studied. Films were prepared using 3% (w/w) starch and 20% (w/w) sugar as a plasticizer. The relative crystallinity of films increased with addition of sugars and extended storage. The thickness of films was increased with addition of sugar. The morphology of films surface became homogeneous with sugars. Sugars decreased breaking stress and increased breaking strain immediately after preparation and during storage. The flow behavior of all the starch film suspensions showed shear-thinning properties determined using the Power law model. The apparent viscosity of the suspensions changed during the drying process resulting from the added sugar and starch type. Adding sugar as a plasticizer showed different effects on the crystallization, the thickness, the morphology of the film surface, the mechanical properties of the film and the flow behavior during drying. Both types of sugar and starch that could interact and inhibited starch chain mobility due to size of sugar, hydroxyl group, and hydrogen bond.
Introduction
Plastic is the most common material used for food packaging to help protect food or retard food spoilage. Presently, the amount of plastic used is increasing and waste from food wrapping or food containers has exceeded a million tons per year (Espitia et al. 2014 ). There have been many studies on materials to replace plastic as food packaging. Accordingly, biodegradable and edible films are of interest.
Starch is one of the most common materials used for producing biodegradable and edible films because of its low cost and various properties. Edible films have different base materials with different properties, such as elongation, tensile strength, and the ability to act as an oxygen and vapor barrier (Bourtoom 2008; Dhanapal et al. 2012; Tongdeesoontorn et al. 2011) . Edible films must have suitable physical, mechanical, and rheological properties, but some types of starch do not have suitable properties for film. Thus, plasticizers have been studied as an additive to improve the properties of edible film because plasticizer reduced interactions between starch molecules and render film more flexible (Dias et al. 2010; Espitia et al. 2014; Ghasemlou et al. 2013; Skurty et al. 2010; Zhang and Han 2006) .
Sugar is food additive that affects to the physical properties of food during processing to the finished product and after storage. Sugars such as sucrose and maltose are known to affect on rheological properties and recrystallization (Smits et al. 2003; Yoo and Yoo 2005) . The effect of sucrose on the starch system has been shown in previous studies. Sucrose inhibits retrogradation, increases breaking strain and has a higher plasticizing effect, compared with sorbitol and glycerol (Souza et al. 2012; Veiga-Santos et al. 2007; Yoo and Yoo 2005) . Maltose and sucrose have also been shown to be more effective in decreasing breaking stress compared with glucose and fructose during storage because sugar disrupts starch chains interaction and thus prevent recrystallization (Smits et al. 2003) .
D-allulose is one type of rare sugar that is beneficial to health (lower calories, beneficial to blood glucose levels, inhibits body fat accumulation) and also improves the processing characteristics of food (Ikeda et al. 2014; O'Charoen et al. 2014) . O'Charoen et al. (2014) found that adding D-psicose to meringue increases breaking stress and breaking strain. Moreover, Ikeda et al. (2014) showed that D-allulose can decrease gelatinization enthalpy; the degree of retrogradation in rice flour cake with D-allulose was less than that in rice flour cake without sugar and with sucrose. However, the effect of sugar as a plasticizer on the physical properties of film are related to the type of sugar, which interacts with starch in the system, and the source of starch (Chang et al. 2004; Ploypetchara et al. 2015; Zhang and Han 2006) . The effect of plasticizer on the flow behavior of the starch system before the drying process has been shown in many previous studies (Chang et al. 2004; Yoo and Yoo 2005) whereas the change in flow behavior during the drying process has been little studied. Moreover, the relationship between the mechanical properties and characteristics of starch film with added sugar was unclear.
Thus, the aim of this study was to examine the rheological, crystallization and the morphology effect of sugar type on different starch sources during film preparation and after storage to produce edible film.
Materials and methods

Materials
Starch samples used in this study were normal corn starch, normal rice starch, waxy corn starch and waxy rice starch (Matsutani Company Limited, Japan). Sugars used as plasticizer were maltose, sucrose (Nacalai Tesque, Inc., Kyoto, Japan) and D-allulose (Kagawa Rare Sugar Cluster, Kagawa, Japan).
Film suspension preparation and film formation
Film suspensions were prepared by adding starch 3% (w/w) in pure water as a control and 20% plasticizer (maltose, sucrose, and D-allulose) (w/w of starch weight) and stirring for 30 min. After that, the samples were heated at 95°C for 30 min in a water bath. The suspensions were then cooled to room temperature to investigate flow characteristics.
Films were prepared from the film suspensions by drying 8 g of film suspension in Petri dishes (7.7 cm diameter). The film suspensions were dried at 50°C in a drying oven (SANYO, Japan) for around 5 h and the dried films were maintained at 25°C overnight before removing from the Petri dishes. The film samples were stored within plastic bags under dry atmosphere by silica gel in desiccators at 25°C until measurement (Rodríguez et al. 2006; Sanyang et al. 2015) .
Film crystallinity
X-ray diffraction patterns of the starch films were determined by using Nano-viewer (Rigaku, Japan) equipped with a PILATUS at an applied voltage and filament current of 40 kV and 30 mA, respectively. The wavelength of the radiation source was 0.154 nm. The diffraction angle (2h) was from 0 to 27°. Crystallinity of film was evaluated with relative crystallinity (%) calculated as follows:
where I f is the integral of crystalline area of film sample on the X-ray diffraction (peak at 15, 17, 18, 20 and 23°) and I s is the integral of crystalline area of raw starch sample on the X-ray diffraction (Primo-Martín et al. 2007 ). The crystalline area was estimated with Igor Pro software (Multi-peak Fit version 2.0).
Film thickness
Film thickness was determined with a micrometer (Niigata Seiki, Japan) and thicknesses at 10 random positions of the film were averaged (Rodríguez et al. 2006 ).
Film morphology
Film morphology was measured with scanning electron microscope (SEM). Starch film samples were mounted on sample holders using double-side sticky tape. The sample was coated with Pt-Pd by a magnetron sputter coater (MSP-1S, Vacuum Device Inc., Tokyo, Japan) and observed using JEOL JSM-6060 Scanning electron microscope (Jeol Lid., Japan) with LM mode at 5 kV accelerating voltage. Surface micrograph were present at 5009 magnification (Gómez-Luría et al. 2017) .
Mechanical properties
Breaking stress and breaking strain were determined using a Rheoner II Creep meter RE2-33005B (Yamaden, Japan) with a 20 N load cell. Film samples were cut to 5 mm width and 15 mm length and subjected to a tensile test at a crosshead speed of 1 mm/s (Saberi et al. 2016 ). The breaking stress and breaking strain of the film samples were measured on the day of preparation (day 0), and after 7 and 28 days.
Flow behavior of the film suspensions
Flow behavior of the film suspensions was investigated in the samples after becoming gelatinized and after drying at 50°C in an oven for 3 h. Samples were measured using a Viscometer (Toki Sangyo Co., Ltd., Japan) using a 1°34 0 9 R24 cone at 25°C and operated between a shear rate of 3.830 (s -1 ) and 76.60 (s -1 ) to investigate shear stress and viscosity in Time-Independent behavior. The low behavior of the film suspensions was calculated with using the Power Law model equation:
where s is the shear stress (Pa), k is the consistency index, n is the flow behavior index, and c is the shear rate s -1 (Abdou and Sorour 2014) .
Statistical analysis
All the samples were analyzed statistically using SPSS version 17. Different means were investigated by one-way analysis of variance and Duncan's multiple range tests at a level of significance of 0.05. Correlation of variables was determined using Pearson Bivariate Correlations at the 0.01 and 0.05 significance levels.
Results and discussion
Film crystallinity
The X-ray diffraction pattern of the normal starch film showed a peak at 15, 17, 18, 20 and 23° (Table 1) , whereas the waxy starch film showed less relative crystallinity than the normal starch on the day of preparation and during storage time. Normal crystallization of film depended on the level of amylose dissolution and on the number of hydrogen bonds built within the film because the crystallization of amylose was faster than amylopectin due to amylose network formation in the high amylose matrix, which produced a strong physical crosslink by hydrogen bonding (Shah et al. 2015; Van Soest and Vliegenthart 1997) .
During the preparation period, crystallinity increased more in the starch film with the added sugar because increased macromolecular mobility can form microcrystalline junctions and recrystallization (Apriyana et al. 2016) . Table 1 shows relative crystallinity with D-allulose at 0 and 28 days tends to be lowest for all starch films with sugar.
Sugar acts as an effective plasticizer but makes film more brittle because of changes in hydrogen bond network and in matrix mobility through the interaction between water and plasticizer (Ploypetchara et al. 2015; Shah et al. 2015) . However, D-allulose might inhibit recrystallization in starch film unlike maltose and sucrose. Ikeda et al. (2014) found that D-allulose can decrease recrystallization of starch owing to re-association with starch. A lower amount of unbound water of sucrose than of D-allulose could increase re-association with starch, more so than with D-allulose. The OH groups of sugar inhibit recrystallization by interaction with polymeric chains because of interference in the alignment of the polymer chains by steric hindrance (Apriyana et al. 2016) . A smaller sugar is easy to move and crystallizes with the remaining structure nucleation of starch by starch chain mobility, whereas some larger plasticizers penetrate the starch chain and prevent re-crystallization (Apriyana et al. 2016; Smits et al. 2003) . Apriyana et al. (2016) found that crystallinity decreases after 8 weeks' storage in sugar palm starch film, which contains a high concentration of glycerol (50%), because the film absorbed more water from the environment by the hydrophilic film matrix, the single helical structure in film matrix decreased after storage, and the interaction of amylose and water was increased then inhibited glycerol to form complex with amylose. However, recrystallization depends on many variables such as the amylose/amylopectin ratio of starch, temperature during storage time, and the type and concentration of additive (Chang et al. 2004; Ploypetchara et al. 2015) .
Film thickness
The effect of sugars on starch film thickness is shown in Table 1 . All the starch films with added sugar were thicker compared with the films without added sugar. The increase in thickness may be due to the occurrence of particles or an increase in the size of the particles. It is presumed that the particles were produced by the recrystallization of starch. Apriyana et al. (2016) and Hafnimardiyanti and Armin (2016) reported that film thickness increased with increasing total solid content in the film suspension due to increased residual mass in the film. As shown in Table 1 , the waxy rice starch film was thinner than waxy corn starch film. Film thickness increases with increasing particle size as shown with the corn starch film, which has increased stiffness whereas rice starch, which has a smaller particle size, is required for very thin film (Chiu and Solark 2009; Jane et al. 1992) . The effect of D-allulose on thickening the starch films was lower than the effect of the other sugars as shown in Table 1 . The less low effect of D-allulose may be attributed to the low recrystallization of starch as previously described. The thickness of the starch films with added sucrose and maltose increased more than the films with added Dallulose because of the higher molecular weight of the plasticizer (180.16, 342.30 and 360.31 g/mol for D-allulose, sucrose, and m2011altose, respectively). The lower molecular weight monosaccharides were closely packed in the polymer chain matrix leading to a thinner film (Piermaria et al. 2011 ). This may be due to the presence of lower amount of D-allulose in the system than maltose and sucrose, similar to the results of Zhang and Han (2006) who found that glycerol-plasticized starch film was the thinnest compared with glucose, fructose, and mannose due to lower solid content (plasticizer ? starch). Further investigation is required to determine the role of particle size in starch film.
Film morphology
The surface morphology of films shown in Fig. 1 The morphology results presented homogeneous and smooth with sugar addition in all types of starch due to plasticizing mechanism and smaller molecule compared with the amylose-amylopectin chains (Dias et al. 2010) . Starch film with D-allulose appeared more compact and denser structure than that with maltose and sucrose addition. These results were related to mechanical properties shown in Fig. 2 that starch film with D-allulose indicated higher breaking strain than that with maltose and sucrose. Saberi et al. (2017) reported that surface of pea starch-guar gum film with polyethylene glycol and sucrose was rougher than that with glucose; the film containing with low molecular weight plasticizer would show more compact, homogeneous, and denser structure than that with high molecular weight structure. The good indicator of integrity film structure was homogeneous of film matrix that would be expected for good mechanical property (Dias et al. 2010) . Figure 2 shows that all the starch films with added sugar had lower breaking stress. This was similar to the results of Apriyana et al. (2016) and Sanyang et al. (2015) who found that tensile strength decreased with increasing plasticizer concentration, which was related to a reduction in strength of the intramolecular starch chain attraction and increased **Different capital letters in each column indicates difference at 7 days, significant difference at pB0.05. ***Different number letters in each column indicates difference at 28 day significant difference at pB0.05 hydrogen bond formation between the plasticizer and starch. The breaking stress showed a negative relationship with film thickness (the correlation coefficient is more than -0.5 as shown in Table 2 ) in that thickness increased while breaking stress decreased. After 28 days, the breaking stress of the starch films with added sugar remained lower than the control films of all the starches.
Mechanical properties
The decrease in breaking stress was related to plasticizer, which attracts water molecules. Plasticizers can reduce the force of inter-and intramolecular interaction between starch molecules and increase starch polymer chain mobility to increase flexibility and extensibility of film (Souza et al. 2012; Veiga-Santos et al. 2007; Zhang and Han 2006) . Sugars reduced the breaking stress of the starch films more than control during storage time. In particular, maltose and sucrose decreased breaking stress more than D-allulose because of the number of hydroxyl (OH) groups, which has the important role of hydration ability in sugar (Kawai et al. 1992) . The number of OH groups and/or the size of the molecules of sucrose and maltose compared with that of D-allulose could affect the stabilization of water surrounding the sugar molecule and as a result retard the reorder of starch polymer chains during storage time (Chang et al. 2004; Souza et al. 2012) .
The breaking strain of the normal corn starch film increased with added D-allulose as a plasticizer because of the decreased interaction between amylose, amylopectin, and amylose-amylopectin in the starch system caused by the hydrogen bonds between D-allulose and starch. The decreased breaking strain with maltose and sucrose might be attributed to the strong interaction between sugar and starch, which could inhibit the mobility of macromolecules and weaken the interaction between starch polymers, and so that cohesive force of polymer chains would decrease (Sanyang et al. 2015) . The results showed a decrease in breaking stress and an increase in breaking strain when Dallulose was added might be related to film thickness and film morphology. The thickness of the starch films with added D-allulose was significantly different to the film with added maltose and sucrose.
Flow behavior of the film suspensions
Flow behavior, a one of rheological properties, is important to process evaluation, process control and consumer acceptability of food products. The flow behavior of blending film suspension affects the edible coating film formation and mechanical properties (Abdou and Sorour 2014) . The flow behaviors of the suspensions in the present study were calculated using the Power Law model, achieving similar results to those Yoo and Yoo (2005) who showed that a rice starch-sucrose composite was a nonNewtonian fluid with shear-thinning behavior pseudoplastic fluid as n was less than 1, for which the disruption rate of existing intermolecular entanglement changed to higher than the reformation rate of intermolecular entanglement with increasing shear rate, leading to the low resistance to flow. The linkage between molecules could break down during shearing by hydrodynamic force (Rao 1999) .
The flow curves of the starch film suspensions after gelatinization were not clearly distinct between the suspensions with and without sugar (Fig. 3I) for every system in the study. After drying for 3 h (Fig. 3II) , the starch suspensions were very thick and showed a different flow behavior characteristic affected by the added sugar. The flow behavior index (n) of the starch suspensions after being dried for 3 h tended to increase with added sugar in rice starch (Table 3 ) similar to Yoo and Yoo (2005) in rice starch-sucrose composites. From the results, consistency index (k) of normal starch suspension was less than waxy starch suspension after gelatinization but k of normal starch n = flow behavior index after becoming gelatinized; k = consistency index after becoming gelatinized; Bstress = breaking stress; Bstrain = breaking strain; crystal = relative crystallinity. The number shown after each treatment indicates storage time (preparation day, 7 days, and 28 days). * and ** indicate the correlation is significant at the 0.05 and 0.01 levels (two-tailed), respectively J Food Sci Technol (September 2018) 55(9):3757-3766 3763 more increased than waxy starch after dried 3 h. Consistency index and apparent viscosity increased by the presence of insoluble solids. In starch-based system, the viscosity was changed by structural due to irreversible swelling of starch granules and amylose leaching out from the amorphous region during gelatinization (Nascimento et al. 2012) . Moreover, consistency index of waxy starch suspension after dried 3 h increased with sugar addition. This corresponded to the report of Nascimento et al. (2012) who found the consistency index increased when clay nanoparticle incorporated with mesocarp passion fruit flour film solution. Abu-Jdayil et al. (2004) found that the consistency index increased with increase in sugar concentration in a wheat starch paste system. The increased flow behavior index with increasing sugar concentration was due to a lowering of shear-thinning behavior. Adding sugar caused a decrease in the rate of initial conformation double helix formation (Chang et al. 2004) . Flow behavior was a result of the sugar-plasticized effect caused by sugar penetration in the starch system, which produced disorder inside the starch granules that may be related to film process preparation, plasticizer type and concentration, and sugar type and concentration (Abu-Jdayil et al. 2004; Liu et al. 2009 ).
Apparent viscosity
The apparent viscosity of the suspensions measured after becoming gelatinized and drying for 3 h are shown in Fig. 3III , IV, respectively. The normal corn starch suspension with maltose and D-allulose had decreased apparent viscosity after being dried for 3 h, whereas the normal rice starch suspension with maltose had increased apparent viscosity. The interaction of starch molecule and sugar would form by sugar-bridge between hydroxyl group of sugar and starch in amorphous region (Spies and Hoseney 1982) . The structure of starch is composed of a-D-glucopyranose unit in which each glucose unit has three hydroxyl group positions that could interact with another molecule. The hydroxyl group of sugar would interact with starch by hydrogen bond. The hydroxyl group of sugar was effectively to substitute for water molecule, reducing starch granule swelling and granule breakdown (Ploypetchara et al. 2015) . Thus, viscosity of starch suspension would decrease when sugar addition. Van Soest and Vliegenthart (1997) reported that the network of formation was composed of polymer-polymer and polymer-sugar interaction through hydrogen bonds and van der Waals forces, while breaking and melting of starch granule would be resulted by plasticizer content and process operation. Saberi et al. (2016) reported similar results with glycerol added to a pea starch suspension resulting in decreased apparent viscosity because the added plasticizer was incorporated in the polysaccharide network through competition for hydrogen bonds between the starch-starch chains and starch-plasticizer. The plasticizer leads to a reduction in network rigidity. Chang et al. (2004) who found the viscosity of bulk water around sugar increased with the decreasing motion of stabilized water in the starch-water system and the motion of starch chain was inhibited. On the other hand, the apparent viscosity of the waxy starch suspension tended to increase with addition of sugar in the sample after drying for 3 h. This behavior might be influenced by the sugar and starch structure that inhibited starch chain mobility in the amorphous region to reorganize and result in sugar-starch interaction. This interaction may have prevented chain reordering and decreased viscosity by the equatorial hydroxyl groups, whereas the axial hydroxyl groups showed the opposite effect (Abu-Jdayil et al. 2004; Ploypetchara et al. 2015) .
Correlation between properties of the starch films A summary of the Pearson Bivariate Correlation of flow behavior properties, mechanical properties, relative crystallinity, and thickness of the starch films with and without added sugars is shown in Table 2 . The flow behavior index and consistency index after becoming gelatinized correlated with starch type. The thickness of the starch films correlated with the mechanical properties (breaking stress and breaking strain) of the films during storage time. The negative correlation of thickness with the mechanical properties showed that addition of sugar increased thickness and decreased breaking stress. Suitable condition could be necessary as a plasticizer to the film such as type and concentration of starch, and type and concentration of sugar that interacts with starch (Chang et al. 2004; Piermaria et al. 2011; Ploypetchara et al. 2015; Sanyang et al. 2015; Shah et al. 2015; Zhang and Han 2006) .
Conclusion
Mechanical properties of films prepared using various starches and sugars were investigated. Crystallization was more pronounced by adding sugar and by storage. Sugar could be homogeneous and miscible with starch film. Added sugar decreased breaking stress during storage time when maltose, sucrose, and D-allulose were used as plasticizers. The results of flow behavior showed shear-thinning properties as determined by the Power law model, and flow behavior was more clearly different during the drying process. The apparent viscosity of the waxy starch suspension tended to increase with added sugar in the sample in which sugar interaction inhibited starch chain mobility in the amorphous region. The effect of sugars as plasticizers on the properties of the starch films was related to both the type of starch and type of sugar. Moreover, adding sugar had an important effect on the mechanical properties, which need to be further investigated.
